Aims/hypothesis Prolactin, a multifunctional hormone, is involved in regulating insulin sensitivity and glucose homeostasis in experimental studies. However, whether circulating concentrations of prolactin are associated with risk of type 2 diabetes remains uncertain. Methods We analysed the prospective relationship between circulating prolactin concentrations and type 2 diabetes risk in the Nurses' Health Study (NHS) and NHSII with up to 22 years of follow-up. Total plasma prolactin was measured using immunoassay in 8615 women free of type 2 diabetes and cardiovascular disease at baseline blood collection (NHS 1989(NHS -1990 NHSII 1996 NHSII -1999) and a subset of 998 NHS women providing a second blood sample during 2000-2002. Baseline bioactive prolactin was measured in a subset of 2478 women using the Nb2 bioassay. HRs were estimated using Cox regression. Results A total of 699 incident type 2 diabetes cases were documented during 156,140 person-years of follow-up. Total plasma prolactin levels were inversely associated with type 2 diabetes risk; the multivariable HR comparing the highest with the lowest quartile was 0.73 (95% CI 0.55, 0.95; p trend = 0.02). The associations were similar by menopausal status and other risk factors (p interaction > 0.70). Additional adjustment for sex and growth hormones, adiponectin, and inflammatory and insulin markers did not significantly alter the results. The association of plasma bioactive prolactin with type 2 diabetes risk was non-significantly stronger than that of total prolactin (HR comparing extreme quartiles, 0.53 vs 0.81 among the subset of 2478 women, p difference = 0.11). The inverse association of total prolactin with type 2 diabetes was significant during the first 9 years after blood draw but waned linearly with time, whereas for bioactive prolactin, the inverse relationship persisted for a longer follow-up time after blood draw. Conclusions/interpretation A normally high circulating total prolactin concentration was associated with a lower type 2 diabetes risk within 9-10 years of follow-up since blood draw in US women. Our findings are consistent with experimental evidence, suggesting that among healthy women, prolactin within the biologically normal range may play a protective role in the pathogenesis of type 2 diabetes.
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Introduction
Type 2 diabetes is an endocrine and metabolic disease that affects approximately 380 million people worldwide [1] . This disease, together with its macrovascular and microvascular complications, is associated with an augmented risk of disability and mortality, imposing an enormous burden on healthcare systems [2] .
Although insulin resistance (IR), impaired insulin secretion and systemic inflammation are key metabolic abnormalities of type 2 diabetes [3] , specific determinants and pathways leading to these pathological changes remain uncertain. Somatolactogenic hormones, including prolactin and IGF, are critically involved in regulation of pancreatic cell growth and insulin functions [4] . Prolactin is a multifunctional pituitary hormone involved in lactation, reproduction, metabolism, immune regulation and osmoregulation [5] [6] [7] [8] [9] . In healthy women, circulating prolactin levels change in response to pregnancy, lactation, physical activity, sleep and stress [5, 9] . Accumulating experimental evidence suggests that prolactin can stimulate beta cell proliferation, and improve insulin secretion and sensitivity [5, 6, [10] [11] [12] [13] [14] . It also functions as an adipokine to regulate adipogenesis, lipid metabolism and inflammation [5, 6, 15] . Recent crosssectional studies reported that higher circulating prolactin levels were associated with greater insulin sensitivity, lower glucose and lipid levels [12, 16, 17] , and lower prevalence of diabetes and the metabolic syndrome [17, 18] (see electronic supplementary material [ESM] Fig. 1 ). These findings suggest a potential role of prolactin in glucose homeostasis. However, long-term prospective data evaluating the relationship between prolactin and future type 2 diabetes risk remain limited, and existing evidence has been inconsistent [18] [19] [20] . Some studies reported an inverse association between prolactin and type 2 diabetes risk, particularly among women, while a few others reported null or positive associations in men and women combined [18] [19] [20] [21] . These studies had a limited number of participants (N < 200) and a short follow-up (a median of <6 years). In addition, due to post-transcriptional modifications, prolactin has different isoforms with divergent biological activities [22] . The immunoassay used in prior studies did not differentiate between prolactin isoforms or evaluate their biological activity, and it remains unclear whether the association between prolactin and diabetes risk varies by the somatolactogenic activity of prolactin.
We therefore conducted a secondary data analysis in the Nurses' Health Study (NHS) and NHSII to examine the prospective association between total circulating prolactin concentrations and type 2 diabetes risk. We explored whether prolactin measured in different time periods prior to diabetes diagnosis was differentially associated with diabetes risk. Furthermore, we examined whether the concentrations of somatolactogenically active prolactin (i.e., bioactive prolactin) were more strongly associated with diabetes risk than total prolactin.
Methods
Study population
The NHS was initiated in 1976 with 121,700 female registered nurses, aged 30-55 years, enrolled from 11 US states. The NHSII, established in 1989, enrolled 116,429 women, aged 25-42 years, from 14 US states. Women in both cohorts completed a detailed initial questionnaire regarding diseases and health-related questions and have been followed up biennially to update health-related factors and medical diagnoses.
From 1989-1990, 32,826 NHS women aged 43-70 years provided a heparin blood sample and completed a short questionnaire regarding weight, menopausal status and blood-draw characteristics [23] . Among these women, 18,743 donated a second blood sample from 2000-2002 [24] . In the NHSII, blood samples were collected from 29,611 women aged 32-54 years from 1996-1999 [25] . All blood samples were immediately shipped to our laboratory on ice, processed and stored in liquid nitrogen freezers. A high follow-up rate (≥95%) was maintained among women who provided blood [26] .
Our study included 9097 NHS and NHSII women who had circulating prolactin levels previously measured in other studies (including three nested case-control studies of breast cancer, ovarian cancer and rheumatoid arthritis) [25] [26] [27] [28] [29] . After excluding duplicate measurements, outliers and individuals who were lost to follow-up or who had diabetes, cardiovascular disease (CVD) or cancer at the date of blood draw, 5891 women in the NHS and 2724 in the NHSII were included in the final analysis. Of the 5891 NHS women, 988 who were free of diabetes and CVD at the second blood draw had a repeated prolactin measurement using the second blood samples. Furthermore, a subset of 1485 NHS women and 993 NHSII women had a baseline measurement of bioactive prolactin [30] (ESM Fig. 2 ).
This study was approved by the institutional review board of the Brigham and Women's Hospital, Boston, MA, USA, with the consent of participants implied by the return of the questionnaires and blood samples.
Laboratory assays Total plasma prolactin levels were measured by a microparticle enzyme immunoassay. Samples were assayed either at the Clinical Laboratory Research Core at the Massachusetts General Hospital using the ARCHITECT chemiluminescence immunoassay system (Abbott Diagnostics, Abbott Park, IL, USA) or by Dr Christopher Longcope (University of Massachusetts Medical Centre, Worcester, MA, USA) using the IMx System (Abbott Laboratories, Abbott Park, IL, USA) [26] . The concordance was 0.91 between the two laboratories and >0.95 across different batches within the same laboratory [26] . No measurement was below the limit of detection (LOD = 26.1 pmol/l) [26] . The mean CV across all studies/batches (based on 10% blinded quality control samples) was 7.8% [26] .
Concentrations of bioactive prolactin (i.e., a measure of somatolactogenic activity of prolactin) were measured using the Nb2 lymphoma cell bioassay, which has been previously described [30] . The LOD was 0.1 pmol/l [30] . The mean within-batch CV was 7% and the mean across-batch CV was 40% [30] .
Ten other biomarkers were evaluated in sensitivity analyses, including sex hormone binding globin (SHBG), oestrone, oestradiol, testosterone, IGF-1, IGF binding protein-3 (IGFBP-3), total adiponectin, high-sensitivity C-reactive protein (hsCRP), insulin and C-peptide, which were previously measured in the NHS/NHSII across various datasets (each biomarker was measured by 6 to 23 sub-studies within the NHS/NHSII) [24, [31] [32] [33] [34] [35] . The assays and CVs have been described elsewhere [24, [31] [32] [33] [34] [35] .
Ascertainment of type 2 diabetes Diagnosis of type 2 diabetes in the NHS and NHSII was described in detail in prior publications [31, 32, 34, 36, 37] . Women who reported a physician's diagnosis of diabetes on any biennial questionnaire completed a supplemental questionnaire to confirm the diagnosis. Type 2 diabetes was confirmed according to the criteria from the National Diabetes Data Group [38] (for individuals diagnosed before 1998; see ESM Methods) and the American Diabetes Association [39] (for individuals diagnosed after 1998). Using medical records from 62 NHS participants, a prior validation study showed 98% accuracy for type 2 diabetes ascertainment through the supplemental questionnaire [37] .
Assessment of covariates Information on demographic, reproductive and lifestyle factors, mental health, family history, medical history and medication use was acquired and updated biennially from baseline and follow-up questionnaires. Blooddraw characteristics, including fasting status, date, time of day, weight, menopausal status, hormone therapy (HT) and medication use at blood draw, were acquired at blood collection. In 1984, 1986 and every 4 years thereafter (NHSII: 1991 and every 4 years thereafter), a validated food frequency questionnaire was used to assess diet; and the Alternative Healthy Eating Index (AHEI) was derived to indicate diet quality [40] . BMI was calculated as weight in kilograms divided by the square of height in metres. Metabolic equivalent tasks in hours per week was calculated based on self-reported leisuretime physical activities. The five-item Mental Health Inventory (MHI-5) was derived to evaluate depressive symptoms [36] . Early-life body size was assessed by the Stunkard scale [41] and we used the mean body size at the age of 5 and 10 years to indicate childhood body size.
Statistical methods A detailed description of the statistical methods is provided in ESM Methods. We excluded 36 prolactin concentration outliers identified by a generalised extreme studentised deviate many-outlier procedure [42] . Batch effects for all biomarkers were corrected using the average batch correction method [33, 43] . Person-time of follow-up was calculated from the date of baseline blood draw to the date of type 2 diabetes diagnosis, last return of a follow-up questionnaire, death or end of follow-up (June 2012 in the NHS and June 2013 in NHSII), whichever came first. Cox proportional hazards regressions were used to estimate HRs and 95% CIs of type 2 diabetes according to quartiles of prolactin concentrations, with the lowest quartile as the reference. All models were stratified by age in months, follow-up period and cohorts, and were adjusted for fasting status, time of day, oral steroid use and antidepressant use at blood draw, as well as menopausal status and HT use (Model 1). We further adjusted for BMI, physical activity, AHEI, smoking, childhood body size, MHI-5 score, parity, age at menarche, age at menopause, change in menopausal status and postmenopausal HT use during follow-up compared with blood draw, family history of diabetes, hypercholesterolaemia and hypertension (Model 2), and for race and incident primary diseases (breast cancer, ovarian cancer or rheumatoid arthritis; Model 3). Restricted cubic splines were used to assess dose-response relationships. We examined potential effect modification by menopausal status at blood draw, BMI, parity, diet quality, physical activity and smoking status. Several sensitivity analyses were conducted. First, we excluded incident type 2 diabetes cases diagnosed after diagnosis of the primary diseases or within the first year after blood draw. Second, we additionally adjusted for thyroid hormone use, thyroid function (hyperthyroidism, hypothyroidism or normal) and duration of breastfeeding. Third, we examined whether the association between prolactin and type 2 diabetes risk was independent of SHBG, testosterone, oestrone, oestradiol, IGF-1, IGFBP-3, adiponectin, hsCRP, insulin and C-peptide by including individual biomarkers in the fully-adjusted model. Differences in HRs of prolactin from models with and without additional adjustments of each biomarker (among the participants with that biomarker measured) were assessed using a meta-analysis. Pairwise correlations between these biomarkers and prolactin (on the log scale) were evaluated using the Pearson correlation coefficients. Secondarily, we evaluated the association between bioactive prolactin and type 2 diabetes risk among a subgroup of 2478 women, using similar methods as described for total prolactin. To evaluate whether the association between prolactin and type 2 diabetes risk varied by follow-up time, we included an interaction term between prolactin concentrations (total and bioactive) and follow-up time since blood draw in the multivariate model, and estimated HRs and 95% CIs of type 2 diabetes at each follow-up time point, comparing the highest vs lowest quartile of prolactin.
All analyses were performed using SAS software, version 9.4 (SAS Institute, Cary, NC, USA). A two-sided p value <0.05 was considered statistically significant.
Results
We documented 699 incident type 2 diabetes cases among 8615 women during up to 22 years of follow-up in the NHS and NHSII (156,140 person-years). Women with higher baseline prolactin concentrations were more likely to be younger, premenopausal and non-smokers, more likely to have longer duration of breastfeeding and fewer children if parous, and more HR (95% CI) Fig. 2 HR (95% CI) of incident type 2 diabetes risk in subgroups of risk factors, comparing extreme quartiles of prolactin concentration. As HRs of type 2 diabetes risk were only significant when comparing the highest to the lowest quartiles of prolactin concentration in the main analyses, we present HRs comparing extreme quartiles within specific subgroups in this stratification analysis. HRs and 95% CIs were calculated using Cox regression models, adjusting for covariates noted in (Table 1) . Baseline concentrations of total and bioactive prolactin were both lower in individuals with incident type 2 diabetes than in those without (p < 0.001) (ESM Table 1 ). The cut-off points of the prolactin quartiles are 347.8, 482.6 and 687.0 pmol/l Cox regression models were stratified by age, follow-up period, and cohort, and adjusted for fasting status, time of day, oral steroid use and antidepressant use at blood draw, as well as menopausal status, postmenopausal HT use, BMI, physical activity, AHEI score, smoking status, childhood body size, MHI-5 score, parity, age at menarche, age at menopause, change in menopausal status and postmenopausal HT use since blood draw, family history of diabetes, history of hypertension, history of hypercholesterolaemia, race, and incident breast cancer, ovarian cancer and rheumatoid arthritis a p trend was determined by assigning the median value of prolactin concentration within each quartile and modelling this variable continuously b R the was the Pearson correlation coefficient between natural-log transformed prolactin and the other biomarker at baseline; * indicates a correlation p value of less than 0.05 c p difference for difference was calculated using the heterogeneity test in a fixed-effect meta-analysis, using the association estimates from the trend analyses T2D, type 2 diabetes
After adjusting for risk factors and potential confounders, we observed an inverse association between total circulating prolactin levels and type 2 diabetes risk (Table 2 and Fig. 1a) ; the multivariable HRs (95% CIs) of type 2 diabetes comparing higher quartiles to the lowest quartile of prolactin concentrations were 0.95 (0.75, 1.19), 1.01 (0.80, 1.28) and 0.73 (0.55, 0.95), respectively (p trend = 0.02). This inverse association was observed in both premenopausal and postmenopausal women with comparable effect sizes; HRs (95% CIs) comparing extreme quartiles were 0.80 (0.52, 1.22) and 0.65 (0.43, 0.98), respectively; p difference = 0.74 (Table 2 ; Fig. 1b, c) . The association between prolactin concentrations and type 2 diabetes risk was similar when we additionally adjusted for thyroid hormone use and thyroid function, and duration of breastfeeding, excluded incident cases of breast cancer, ovarian cancer, and rheumatoid arthritis diagnosed prior to type 2 diabetes, or excluded incident type 2 diabetes cases diagnosed within 1 year after blood collection (ESM Table 2 ). We did not observe evidence for effect modification by BMI, parity, diet quality, physical activity or smoking (p interaction ≥ 0.74), although the inverse association between prolactin and type 2 diabetes risk was non-significantly stronger among individuals who were not obese, had higher diet quality or had never smoked (Fig. 2) .
Total prolactin was positively correlated with testosterone, oestrone, oestradiol and IGF-1, and inversely correlated with IGFBP-3, adiponectin, hsCRP and C-peptide (p < 0.05). Total prolactin was not significantly correlated with SHBG or insulin (Table 3 ). All biomarkers except for oestrone differed significantly between individuals with incident type 2 diabetes and those without (p < 0.05) (ESM Table 1 ). Additional adjustment for individual biomarkers in the multivariable model did not significantly alter the association between prolactin and type 2 diabetes risk (p difference ≥ 0.49) ( Table 3) .
In secondary analyses, we observed a significant inverse association between bioactive prolactin levels and type 2 diabetes risk in multivariable model without adjustment for BMI (ESM Table 3 ); HRs (95% CI) of type 2 diabetes for higher quartiles compared with the lowest quartiles of bioactive prolactin were 0.62 (0.40, 0.96), 0.55 (0.34, 0.87) and 0.53 (0.32, 0.86), respectively (p trend = 0.01). This inverse association was non-significantly stronger than the association for total prolactin in the same subset of women (comparable HRs were 0.98, 0.90, and 0.81; p trend = 0.39; compared with the association of bioactive prolactin, p difference = 0.11). Sensitivity analyses with additional adjustment or exclusions (as described above) in general yielded similar associations with bioactive prolactin (ESM Fig.  3a, b) . However, further adjustment for BMI and C-peptide substantially attenuated the association between bioactive prolactin and type 2 diabetes (ESM Table 3 and ESM Fig. 3b) .
We assessed the HR (95% CI) of type 2 diabetes risk comparing the highest vs the lowest quartiles of prolactin over follow-up after blood draw. The inverse association between total prolactin and type 2 diabetes risk was stronger during the first 9 years after blood draw but waned linearly with longer follow-up time after approximately 9-10 years (Fig. 3a) . This time-dependent attenuation in the association was similar among premenopausal and postmenopausal women (Fig. 3b,  c) . Analyses using the continuous prolactin concentrations as an exposure variable yielded similar, albeit weaker and less significant results (ESM Fig. 4) . For bioactive prolactin, a strong inverse association with type 2 diabetes risk (HR <0.6) was observed during the early years of follow-up and remained constant with extended follow-up (ESM Fig. 3c ). 
Discussion
In this prospective study of middle-aged women, circulating total prolactin concentrations were inversely associated with incident type 2 diabetes risk, independently of BMI, lifestyle and reproductive factors, as well as individual sex and growth hormones, adiponectin, and inflammatory and insulin biomarkers. This association did not differ by menopausal status, but appeared time-varying, with stronger associations observed within the first 9-10 years of follow-up after blood draw. Circulating bioactive prolactin showed a nonsignificantly stronger association with type 2 diabetes risk than total prolactin, but this association was substantially attenuated after further adjustment for BMI and C-peptide. Our findings were consistent with prior prospective data in pregnant and postmenopausal women with short periods of follow-up [19, 20] , and were in line with cross-sectional observations that higher, but physiologically normal prolactin concentrations were associated with lower type 2 diabetes prevalence [17, 18] . Furthermore, our study demonstrated that the inverse association between prolactin and type 2 diabetes risk in women remained significant after adjustment for a variety of lifestyle and reproductive factors as well as other sex and growth hormones, suggesting that prolactin may be linked to type 2 diabetes through independent pathways. Two prospective studies of men and women combined reported null associations between prolactin and type 2 diabetes risk after multivariable adjustment [18, 21] . This lack of association might be due to the limited number of incident cases (n = 163 and 78), especially among women (n = 84 and 27), and a potentially different association by sex. In fact, several recent prospective studies suggested that the associations between prolactin and risk of type 2 diabetes and the metabolic syndrome were more likely to be beneficial in women but tended to be null or even detrimental in men [17] [18] [19] [20] [21] . The reason underlying this sex difference is unknown, as both beneficial and detrimental effects of prolactin on IR have been reported in men [12, 44] . Nevertheless, our data, coupled with prior evidence, suggest that prolactin may be related to pathogenic pathways leading to the development of type 2 diabetes in women.
It should be noted that our study focused on circulating prolactin within the physiologically normal range (i.e., <1291 pmol/l for non-pregnant women [45] ; the 5th to 95th percentile of total prolactin in our data: 226-1244 pmol/l). By contrast, extremely high prolactin concentrations, such as pathological hyperprolactinaemia induced by prolactinoma (usually >8696 pmol/l), can exert an adverse effect on metabolism, including exacerbating IR, reducing glucose tolerance, promoting weight gain, and perturbing carbohydrate/ lipid metabolism and the immune system [14, 46] . In women, prolactinoma and hyperprolactinaemia could alter the homeostasis of hormonal/growth factors, causing SHBG reduction, hypo-oestrogenism, hyperandrogenism, dysregulation of energy/glucose metabolism or even reduced muscle/bone mass [47] .
Interestingly, our data showed that the association of prolactin concentrations with type 2 diabetes risk was most evident within the first 9-10 years after blood draw but waned linearly with increased follow-up time; this time-dependent attenuation in association was not observed for bioactive prolactin. A previous study reported a similar time-varying effect, with prolactin measured from blood collected within 10 years of diagnosis, but not after, associated with risk of postmenopausal breast cancer [26] . Total prolactin levels can be influenced by many factors and thus are biologically variable over time [5, 9] . The intra-class correlation coefficient (ICC) of total prolactin was 0.40-0.53 over 3 years and 0.39 over 10 years [26, 48] . Therefore, the attenuation in the association over longer follow-up may, in part, be explained by the fact that a single prolactin measurement at baseline might not accurately reflect the long-term exposure to prolactin during decades of follow-up. Bioactive prolactin had a somewhat higher ICC (i.e. 0.63-0.66 over 3 years [30] ) and thus, a baseline measurement could be more representative over time. Another possibility is that impaired glucose tolerance may lower prolactin concentrations. However, our results are unlikely to be fully explained by reverse causation because the observed association remained significant for 9-10 years after blood draw, and the exclusion of type 2 diabetes cases diagnosed within 1 year after blood draw did not change the results. Mechanisms underlying such time-dependent attenuation in the association require further investigation with repeated prolactin measurement to accurately assess prolactin exposure over time.
While the immunoassay measures all prolactin isoforms, the Nb2 bioassay captures the somatolactogenic activity of prolactin and growth hormone, with a higher specificity to prolactin (78-95%) [49, 50] . In line with our hypothesis, we observed a stronger inverse association between bioactive prolactin and type 2 diabetes than total prolactin. However, while the association between total prolactin and type 2 diabetes was not altered by adjustment for risk factors/biomarkers, the association with bioactive prolactin was more sensitive to adjustment for BMI and C-peptide. While this may have been in part due to the smaller sample size in this analysis, there was a strong inverse correlation between bioactive prolactin (but not total prolactin) and BMI [30] , which might be driven by the impact of growth hormone (which was inversely associated with BMI [51] ) on the bioassay [30] , or the reduced release of prolactin from adipose tissues in obese women [7] . The association was also attenuated by adjustment for C-peptide, which was more strongly correlated to bioactive than to total prolactin. It is possible that the bioassay may capture more biologically relevant aspects related to IR than total prolactin. More studies are warranted to understand the metabolic effects of the somatolactogenic activity of prolactin.
Accumulating experimental evidence suggests that prolactin can directly upregulate pancreatic islet function by promoting growth and suppressing apoptosis of beta cells and increasing glucose-stimulated insulin release [5, 10, 11, 52] . Prolactin is a principal determinant of prenatal/postnatal development of pancreatic islet cells, as well as islet adaptation during pregnancy [5, 14, 20, 53] . It is also involved in the regulation of hepatic/adipocytic insulin sensitivity [12, 13] , and can indirectly affect hypothalamic dopamine release and energy/glucose homeostasis [54] . In our study, prolactin was inversely correlated with C-peptide and adjusting for Cpeptide attenuated the association between prolactin and type 2 diabetes (particularly for bioactive prolactin). C-peptide is a robust indicator for endogenous insulin production and a potential marker of IR in individuals without type 1 diabetes [55] ; it is less affected by haemolysis and hepatic insulin extraction compared with insulin [56] . Although we did not have fasting glucose data to derive HOMA-IR, C-peptide was significantly higher in individuals with incident type 2 diabetes than in those without, suggesting that it may be used as an alternative indicator of IR in our study population. Altogether, our findings suggest that prolactin may be linked to the development of type 2 diabetes through insulin-related pathways. Furthermore, prolactin is involved in regulating immune cells and cytokine secretion [15] , and may act as an adipokine, suppressing the adipocyte production of adiponectin and IL-6, and influencing adipogenesis, energy balance, lipid metabolism and inflammatory response [5] . In our data, prolactin was inversely correlated with adiponectin and positively correlated with hsCRP; however, adjusting for these two biomarkers did not alter the association with type 2 diabetes risk, suggesting that adiponectin and inflammation may not be mediators of the observed association. In summary, substantial biological evidence supports an aetiological association of prolactin with type 2 diabetes risk (summarised in ESM Fig.  1 ), but the explicit mechanisms underlying this association require more detailed investigation.
Our study has several strengths. Notably, the primary analyses were conducted in over 8600 women with~700 incident type 2 diabetes cases identified during up to 22 years of follow-up, providing us with sufficient statistical power and the ability to assess time-dependent associations. In addition, the well-characterised NHS/NHSII contain rich epidemiological and biomarker data, allowing us to adjust for multiple confounders, risk factors and potential mediators. Furthermore, the bioactive prolactin data from the Nb2 bioassay were unique in terms of examining the prolactin isoforms with somatolactogenic activity in relation to diabetes risk.
Several limitations of our study warrant discussion. First, because our study was based on middle-aged, mostly white women who were healthy at baseline, our results cannot be generalised to other age or ethnic groups, or to men. Second, our study was a secondary data analysis based on existing biomarkers from studies of different aims/outcomes; only a limited number of women had data on all the biomarkers we examined; therefore, we were unable to adjust for all biomarkers simultaneously in the same model. Nevertheless, by controlling for individual biomarkers one at a time, we assessed the potential influence of correlated biomarkers on the association with prolactin. Third, as prolactin concentrations in our analyses were measured primarily for nested casecontrol studies of other disease outcomes, sample selection and increased risk of primary diseases may bias our results. However, we corrected for batch effects and adjusted for primary diseases in the multivariable model; we also conducted a sensitivity analysis excluding incident cases of primary diseases diagnosed prior to type 2 diabetes. Furthermore, because we did not have data on fasting glucose, we were unable to assess the relationship between prolactin and IR. Finally, despite multivariable adjustment, residual confounding by adiposity and other hormonal factors is still possible. Future prospective studies in diverse populations with assessment of potential interactions with multiple hormonal, metabolic and inflammatory biomarkers will provide more insight into the mechanisms linking prolactin to metabolic outcomes.
In conclusion, in a large prospective cohort study of US women, total circulating prolactin concentrations within the physiological range were inversely associated with type 2 diabetes risk, especially during the first 9-10 years of follow-up after blood draw; the association was non-significantly stronger for bioactive prolactin. Our epidemiological observations, coupled with previous population data and emerging experimental evidence, support a potential protective role of prolactin (within the biologically normal range) in the pathogenesis of type 2 diabetes risk in women. Future studies are warranted to understand the biological mechanisms underlying this association, which may lead to the development of novel strategies for early prevention and treatment of type 2 diabetes.
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